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B-4000 Sart Tilman, Belgium.We determined the spatial and temporal dynamics of major phytoplankton groups in relation to biogeo-
chemical and physical variables during the late spring coccolithophore blooms (May–June) along and
across the continental margin in the Celtic Sea (2006–2008). Photosynthetic biomass (chl a) of the dom-
inant plankton groups was determined by CHEMTAX analysis of chromatographic (HPLC) pigment
signatures.
Phytoplankton standing stock biomass varied substantially between and during the campaigns (areal
chl a [mg chl am2] in June 2006: 63.8 ± 26.5, May 2007: 27.9 ± 8.4, and May 2008: 41.3 ± 21.8), reﬂect-
ing the different prevailing conditions of weather, irradiance, and sea surface temperature between the
campaigns. Coccolithophores, represented mainly by Emiliania huxleyi, and diatoms were the dominant
phytoplankton groups, with a maximal contribution of, respectively, 72% and 89% of the total chl a. Pra-
sinophytes, dinoﬂagellates, and chrysophytes often co-occurred during coccolithophorid blooms, while
diatoms dominated the phytoplankton biomass independently of the biomass of other groups. The loca-
tion of the stations on the shelf or on the slope side of the continental margin did not inﬂuence the bio-
mass and the composition of the phytoplankton community despite signiﬁcantly stronger water column
stratiﬁcation and lower nutrient concentrations on the shelf. The alternation between diatom and cocco-
lithophorid blooms of similar biomass, following the mostly diatom-dominated main spring bloom, was
partly driven by changes in nutrient stoichiometry (N:P and dSi:N). High concentrations of transparent
exopolymer particles (TEP) were associated with stratiﬁed, coccolithophore-rich water masses, which
probably originated from the slope of the continental margin and warmed during advection onto the
shelf. Although we did not determine the proportion of export production attributed to phytoplankton
groups, the abundance of coccolithophores, together with TEP and coccoliths may affect the carbon
export efﬁciency through increased sinking rates of particles formed by aggregation of TEP and coccoliths.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Continental shelves and margins are areas of high primary
productivity and carbon export and, as such, play a key role in
global biogeochemical cycles and ecosystems (Joint et al., 2001;
Sharples et al., 2009). Spring phytoplankton blooms are a promi-
nent seasonal feature of the North East Atlantic Ocean (NE Atlantic)
(Henson et al., 2006) and are characterised by an intense diatom
bloom followed by nanoplankton (among others: prymnesiophytes,
prasinophytes and cyanobacteria) when ﬁrst dissolved silicate andll rights reserved.
nt of Geosciences, Guyot Hall,
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ostende).
Department of Astrophysics
ge, Institut de Physique (B5),then other nutrients become depleted, and increasing water
column stratiﬁcation hinders nutrient replenishment to the eupho-
tic zone (Joint et al., 1986; Lochte et al., 1993; Rees et al., 1999;
Raitsos et al., 2006; Leblanc et al., 2009). Especially, coccolitho-
phores are a prominent feature of the late spring bloom, and this
has been attributed to their tolerance for high irradiances, lower
nutrient requirements and/or ability to utilise organic nitrogen or
phosphorus sources (Palenik and Henson, 1997; Leblanc et al.,
2009 and references therein). Bloom termination follows when
nutrient depletion depresses primary productivity and grazing
and viral control catch up with algal growth (Brussaard, 2004;
Calbet and Landry, 2004; Behrenfeld, 2010). In reality, this general
NE Atlantic spring bloom scenario can be more or less scrambled
due to local weather conditions and physical phenomena (Ji et al.,
2010), both in the open ocean, where movements of eddies and
other water masses can reset succession events (Smythe-Wright
et al., 2010), and along continental margins, where vertical mixing
resulting from internal tides can bring nutrient-rich deeper water
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margin of the Bay of Biscay and the Celtic Sea, phytoplankton
growth, and coccolithophorid blooms in particular, have been
shown to be triggered and/or sustained by internal tidal wave for-
mation at the shelf break leading to enhanced vertical mixing and
the injection of inorganic nutrients to the surface waters (Holligan
and Groom, 1986; Lampert et al., 2002; Sharples et al., 2009; Harlay
et al., 2010).
A general scenario of late spring bloom evolution at the conti-
nental margin of the northern Bay of Biscay is proposed by Harlay
et al. (2010): when the main diatom spring bloom (mid April) has
depleted dissolved silicate (dSi) to levels below 2 lmol l1, vertical
inputs of nutrients along the shelf break trigger mixed blooms
mainly dominated by coccolithophores. We consider blooms of
coccolithophores to be a sequence of events when their biomass
constitutes a signiﬁcant portion of the total phytoplankton com-
munity, enabling them to inﬂuence local biogeochemistry and
trophodynamics (Smayda, 1997). These blooms further exhaust
nutrients as the water column stratiﬁes and the water mass is ad-
vected over the continental shelf, following the general residual
circulation in the area (Pingree and Lecann, 1989; Huthnance
et al., 2001; Suykens et al., 2010), while dinoﬂagellates, chryso-
phytes, prasinophytes and cryptophytes can become increasingly
more important. This succession leads to the appearance of high
reﬂectance (HR) patches which are associated with the dissipative
stage of coccolithophorid blooms (of Emiliania huxleyi in particu-
lar), when coccoliths are shed into the water column, affecting
the albedo of the surface water (Westbroek et al., 1993; Harlay
et al., 2010). This bloom succession considerably alters the biogeo-
chemical characteristics of their environment through biogenic
calciﬁcation and the release of transparent exopolymer particles
(TEP), which affect carbon export through mineral ballasting and
aggregation (Armstrong et al., 2002; Engel et al., 2004; De La Rocha
and Passow, 2007), and dimethyl sulphide production, which
introduces sulphur into the atmosphere (Burkill et al., 2002; Stefels
et al., 2007; Seymour et al., 2010).
While the annual occurrence of extensive coccolithophore
blooms in late spring in the NE Atlantic is well-documented (Le-
blanc et al., 2009 and references therein), there is no consensus
on the factors triggering coccolithophorid blooms and modulating
the turnover time of the calcite they produce (Lessard et al., 2005;
Poulton et al., 2007, 2010; Boyd et al., 2010). Changes in environ-
mental control factors such as light intensity, water column stabil-
ity, temperature, CO2 concentration, nitrate and phosphate levels
and their ratio, and the concentration trace metals (e.g. Fe, Zn,
and Mn) have been shown to inﬂuence coccolithophore physiology
and control phytoplankton community assemblage to various ex-
tents (Nanninga and Tyrrell, 1996; Zondervan, 2007; Boyd et al.,
2010, and references therein). However, only few studies have de-
scribed the structure and the spatial and temporal dynamics of
phytoplankton communities during these blooms along the wes-
tern European continental margin (Head et al., 1998; Joint et al.,
2001; Fileman et al., 2002; Lampert et al., 2002). This information
is needed, as the importance of the phytoplankton community
structure to the biological pump is still poorly understood
(Smythe-Wright et al., 2010, and references therein). Changes in
the community composition are expected to impact primary and
export production, and as such food web structure and dynamics,
as well the biogeochemical cycling of carbon and other bio-limiting
elements in the sea (Guidi et al., 2009; Finkel et al., 2010).
We investigated the dynamics of the main phytoplankton
groups during three campaigns (2006–2008) in late spring (May–
June, i.e. after the main diatom bloom in April), along and across
the continental margin of the Celtic Sea. More speciﬁcally, we
investigated if (1) water column properties such as stratiﬁcation,
nutrient levels and the ratios differed between the shelf and theslope side of the continental margin, (2) how changes in such phys-
ical and biogeochemical variables inﬂuence the phytoplankton
community structure and biomass, and (3) how phytoplankton
biomass and community structure are related to the standing
stocks of particulate organic carbon (POC), TEP, and particulate
inorganic carbon (PIC; calcite). We assessed the phytoplankton
community structure using a chemotaxonomic (pigment-based)
approach and its dynamics and relation to biogeochemical vari-
ables analysed using multivariate non-parametric analyses.2. Materials and methods
2.1. Study area and general set-up of the campaigns
The study area along the continental margin of the northern Bay
of Biscay, on the shelf of the Celtic Sea included the La Chapelle
Bank (LC), the Meriadzek Terrace (M), the Goban Spur (GS) area,
and one station on the Armorican shelf (Fig. 1 and Table 1). Three
campaigns were carried out from the 31st of May to the 9th of June
2006, from the 10th to the 24th of May 2007, and from the 7th to
the 23rd of May 2008, onboard RV Belgica. Eighteen stations were
located in the vicinity of the La Chapelle Bank (47N, 8W) while
eight stations were located over the shallow part (<200 m depth)
of the Goban Spur (50N, 10W) (Fig. 1). Eight deeper stations
(from 450 to 1400 m depth) were located over the continental
slope at the Meriadzek Terrace (48N, 9W) and the La Chapelle
Bank (Table 1). Each campaign consisted of two legs allowing some
stations to be revisited with a 1–2 week interval (Fig. 2). Revisited
stations are denoted with a ‘‘b’’ following their numeral identiﬁer.
Due to shorter ship-time, sampling during the June 2006 campaign
was limited to the area around the La Chapelle Bank, while during
the two following campaigns sampling was carried in the whole
area outlined above (Fig. 1 and Table 1). Near real-time MODIS
Aqua remote sensing images were used to track phytoplankton
community dynamics through phases of emergence and disinte-
gration of coccolithophorid blooms during the campaigns (see also
Suykens et al., 2010 for SeaWIFS images of ths study area). In order
to put the campaign periods into context we generated time-series
of [chl a], normalised water-leaving radiance at 555 nm (Lwn
(555)), and photosynthetically active radiation (PAR) using data
from NASA’s Giovanni Ocean Color Radiometry 8-day Data Product
Visualization portal (http://gdata1.sci.gsfc.nasa.gov/; accessed on
January 6th 2011) (Fig. 3). Topographical information in Figs. 1
and 2 was obtained using ODV software (Schlitzer, R., Ocean Data
View, http://odv.awi.de, 2011).2.2. Sample collection and analyses
2.2.1. Physical parameters
Water samples were collected using a rosette of 12 Niskin bot-
tles (10 l) coupled to a conductivity and temperature–pressure
probe (CTD) (Seabird SBE21). Casts covered surface waters, pycno-
cline, and deeper waters down to at least 80 m depth. The reported
values of sea surface temperature (SST) have been measured at
10 m. The strength of the vertical density gradient (N2) or stratiﬁca-
tion gradient, commonly referred to as the Brunt-Väisälä frequency,
is deﬁned as the oscillation frequency of a parcel of water following
vertical displacement in a system initially at rest. To calculate N2we
used the adiabatic steric anomaly levelling method between 10 m
and 100 m of depth (Millard et al., 1990). These depths were chosen
to make sure that the upper value was within the mixed layer
(where density was homogeneous), and that the bottom value
was below the base of the pycnocline (Table 1). The upper mixed
layer depth (MLD) was operationally deﬁned as the depth where
(rt) increased by P0.1 kg m3 compared to rt at 10 m of depth.
Fig. 1. Bathymetric map showing the location of the stations sampled along the continental shelf break in the Celtic Sea. The continental shelf (<250 m depth) is bordered
westwards by the continental slope. The stations visited during June 2006, May 2007, and May 2008 are represented by grey, white, and black dots respectively (see Table 1).
Dotted lines represent the main residual surface circulation (adapted from Suykens et al. (2010)).
Table 1
Overview of physical variables characterising the stations visited during the three campaigns. The ﬁrst numeral of the station code denotes the last digit of the year of the
respective campaign (2006, 2007, 2008), followed by the station number during each campaign. Station codes followed by a ‘‘b’’ indicate the station was revisited during the
second leg of the campaign. Stations located at the slope of the continental margin are denoted by an asterisk. Latitude (lat.), longitude (lon.), sea surface temperature (SST), sea
surface salinity (SSS), stratiﬁcation degree (strat. deg.), mixed layer depth (MLD).
Date Station Area Lat. (N) Lon. (W) Bottom depth (m) SST (C) SSS (psu) Strat. deg. (105 s2) MLD (m)
31/05/2006 6-1 La Chapelle 47.75 7.00 157 13.03 35.61 3.34 32
01/06/2006 6-2 La Chapelle 47.53 7.17 558 12.99 35.63 2.20 40
01/06/2006 6-3 La Chapelle 47.42 7.27 1400 13.95 35.67 4.45 21
02/06/2006 6-4 Meriadzek 48.10 7.50 163 13.28 35.60 2.31 34
06/06/2006 6-8 Meriadzek 48.50 8.90 178 14.47 35.54 7.75 19
07/06/2006 6-6 Meriadzek 47.69 8.21 1100 14.85 35.65 6.34 16
07/06/2006 6-7 Meriadzek 48.40 8.10 164 14.51 35.57 7.29 20
08/06/2006 6-4b Meriadzek 48.10 7.50 159 14.32 35.61 6.55 23
09/06/2006 6-1b La Chapelle 47.75 7.00 158 14.32 35.62 6.00 22
10/05/2007 7-2 La Chapelle 47.79 6.90 165 13.41 35.57 3.97 42
12/05/2007 7-5 Meriadzek 48.20 7.62 172 12.97 35.53 3.57 39
13/05/2007 7-8 Meriadzek 48.50 8.50 158 13.21 35.56 3.95 39
14/05/2007 7-9 Goban Spur 49.20 9.49 154 12.98 35.49 4.53 43
15/05/2007 7-10 Goban Spur 49.50 10.51 139 12.73 35.45 4.50 36
16/05/2007 7-11 Goban Spur 51.34 10.50 150 12.30 35.31 5.23 39
21/05/2007 7-8b Meriadzek 48.50 8.50 158 13.27 35.52 4.14 43
22/05/2007 7-5b Meriadzek 48.22 7.59 172 13.30 35.52 4.40 36
23/05/2007 7-4 La Chapelle 47.42 7.27 1200 13.38 35.63 2.28 54
23/05/2007 7-7 Meriadzek 47.68 8.20 1100 13.49 35.59 3.59 36
24/05/2007 7-2b La Chapelle 47.80 6.89 165 13.40 35.56 3.40 28
07/05/2008 8-1 Armorican 48.50 6.00 122 12.42 35.39 3.21 13
07/05/2008 8-3 La Chapelle 47.53 7.16 567 12.72 35.60 1.77 40
08/05/2008 8-2 La Chapelle 47.80 6.90 167 12.75 35.48 2.71 15
09/05/2008 8-6 Meriadzek 47.90 7.91 479 12.25 35.59 0.44 100
10/05/2008 8-5 Meriadzek 48.20 7.59 174 12.91 35.51 2.91 25
11/05/2008 8-8 Meriadzek 48.50 8.50 150 12.95 35.50 3.28 18
12/05/2008 8-9 Goban Spur 49.20 9.50 154 12.91 35.47 4.05 15
13/05/2008 8-10 Goban Spur 49.50 10.50 138 13.13 35.54 4.60 22
14/05/2008 8-11 Goban Spur 50.50 10.50 159 12.70 35.58 3.25 14
19/05/2008 8-12 Goban Spur 51.00 10.00 121 13.61 35.54 6.36 19
20/05/2008 8-13 Goban Spur 50.00 10.34 129 13.42 35.58 4.91 34
21/05/2008 8-9b Goban Spur 49.20 9.50 154 13.62 35.52 5.13 23
22/05/2008 8-5b Meriadzek 48.20 7.60 174 13.53 35.56 3.89 39
23/05/2008 8-4 La Chapelle 47.42 7.27 1200 14.30 35.61 5.13 20
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Fig. 2. Bathymetric maps with transects of each campaign leg used to plot the vertical sections of the concentrations of (NOx), (PO4), TEP, and chl a. The asterisk next to a
station’s number indicates it is situated on the slope of the continental margin.
Fig. 3. Time series of 8-day composite SeaWiFS chl a concentration, photosynthetically active radiation (PAR), and normalised water-leaving radiance at 555 nm (Lwn (555))
at La Chapelle Bank (values averaged over area: 47–49N latitude by 6–9W longitude, 0.083 resolution). The vertical dotted lines delineate the time period during which the
campaigns took place. Note that Lwn (555) from January to March can be biased due to cloud coverage (Steve Groom, personal communication).
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used to compute the depth of the nitracline, a proxy of nutrient
supply to the upper mixed layer of the ocean, which was operation-
ally deﬁned as the shallowest depth at which nitrate + nitrite
concentration (NOx) exceeded 1.00 lmol l1 (Cermeño et al.,
2008; Landry et al., 2009).
2.2.2. Dissolved nutrients
Samples for the measurement of dissolved phosphate (PO4), ni-
trate and nitrite (NOx) – further referred to as nitrate-, and dis-
solved silicate (dSi) were gently ﬁltered through 0.4 lm pore size
Nuclepore ﬁlters (£ = 47 mm). PO4 and dSi samples were stored
at 4 C until onboard analysis by spectrophotometry, using the
molybdate/ascorbic acid method (Grasshoff et al., 1983); NOx sam-
ples were stored at 20 C until analysis and their concentration
was determined spectrophotometrically using a Skalar Autoana-
lyzer system (Grasshoff et al., 1983). The detection limit was
0.01 lmol l1 for PO4 and 0.05 lmol l1 for NOx and dSi.2.2.3. Particulate matter
Particulate organic and inorganic carbon samples (POC and PIC)
were collected by low-vacuum ﬁltration of 0.2–2.0 l seawater
through pre-combusted (4 h at 500 C) GF/F ﬁlters. The ﬁlter sam-
ples were stored at 20 C until analysis (within 3 months after
the cruise) and dried overnight at 50 C prior to analysis. POC was
determined using a Fisons NA-1500 elemental analyzer after car-
bonate removal from the ﬁlters by overnight HCl fuming. Total par-
ticulate carbon (TPC) content was determined using unacidiﬁed
ﬁlters. PIC content was derived from the difference between total
particulate carbon content and POC content. Four to ﬁve standards
of certiﬁed reference stream sediment (STSD-2) from the Geological
Survey of Canada, together with three to four blank ﬁlters, were
used for calibration. Particulate nitrogen (PN) was determined from
unacidiﬁed ﬁlters in the same way as TPC. The minimum detection
limits for C and N were 0.17 lmol C l1 and 0.36 lmol N l1.
Transparent exopolymer particles (TEP) were measured spec-
trophotometrically after alcian blue staining and hydrolysis
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way reﬂects the density of stainable moieties in particulate matter,
such as acidic and sulphated sugars, and should thus be considered
as a semi-quantitative measure of TEP concentration expressed in
micrograms xanthan gum equivalents per litre (lg X eq. l1).
2.2.4. Microscopic phytoplankton identiﬁcation
Microscopic qualitative screening of phytoplankton diversity in
water samples (100 ml) from the upper mixed layer of stations
from each campaign was performed by the Utermöhl sedimenta-
tion method (Utermöhl, 1958) using a Zeiss inverted microscope.
These samples were preserved using a mixture of alkaline Lugol’s
iodine solution (0.1% v/v) and borate-buffered formaldehyde solu-
tion (0.9% v/v, all ﬁnal concentrations) (Sherr and Sherr, 1993). The
qualitative microscopic screening was performed to verify the
presence of the dominant phytoplankton groups in conjunction
with speciﬁc pigment biomarkers (Havskum et al., 2004; Irigoien
et al., 2004). Sea surface water samples (1.0 l) for scanning electron
microscopy (SEM) were ﬁltered through polycarbonate membrane
ﬁlters (0.8 lm pore size, Ø 47 mm, Millipore), dried onboard for
12 h at 50 C and stored dry before being mounted onto micro-
scope slides and coated with gold (Bollmann et al., 2002). Cocco-
lithophores were identiﬁed by scanning electron microscopy
(SEM) using a Jeol JSM 5600 LV at a minimum magniﬁcation of
600 times. Taxonomic identiﬁcation was performed according to
Hasle and Syvertsen (1997), Heimdal (1997), Steidinger and
Tangen (1997), and Throndsen (1997).
2.2.5. Microalgal pigments and chlorophyll a partitioning
For pigment analysis, 0.5–3.5 l of seawater was ﬁltered through
glass ﬁbre ﬁlters (Whatman GF/F, Ø 47 mm) using a low vacuum
pressure (<200 mbar). The ﬁlters were stored in liquid nitrogen
until analysis. Extraction of the pigments was performed in a 90%
acetone aqueous solution, spiked with an internal standard
(trans-b-apo-80-carotenal), while cell disruption was further facili-
tated by soniﬁcation for 30 s with 50 W pulses (Bidigare et al.,
2005). The extracts were cleared from debris by ﬁltration through
a 0.2 lm Teﬂon syringe ﬁlter after centrifugation for 4 min at 700g
(at 5 C). Pigment extracts were analysed by high pressure liquid
chromatography (HPLC) according to the method of Wright et al.
(Wright et al., 1991; Wright and Jeffrey, 1997) using an Agilent
1100 series HPLC system equipped with an Machery-Nagel re-
verse-phase C18 column (Nucleodur C18 pyramid, pore size 100 Å,
particle size 5 lm). Deionised water (Milli-Q) was added to ex-
tracts to avoid peak distortion of early eluting peaks (Zapata and
Garrido, 1991), preventing the loss of non-polar pigments prior
to injection. Pigments were identiﬁed by comparison of retention
times and absorption spectra and quantiﬁed by calculating re-
sponse factors using pure pigment standards (supplied by DHI
Lab, Denmark). We measured the concentration of the following
pigments: chlorophyll c3, chlorophyll c1 + c2, peridinin, 190-but-
anoyloxyfucoxanthin, fucoxanthin, 190-hexanoyloxyfucoxanthin,
pasinoxanthin, violaxanthin, diadinoxanthin, alloxanthin, zeaxan-
thin, chlorophyll b, and chlorophyll a. Pigment names are abbrevi-
ated according to the recommendations by the Scientiﬁc
Committee on Oceanographic Research Working Group 78 (Jeffrey
and Mantoura, 1997) (Table 2).
Quantiﬁcation of the dominant phytoplankton groups was per-
formed by means of a CHEMTAX (V1.95) routine using multiple
runs (n = 64) and depth bins (n = 6) per year (Mackey et al.,
1996; Latasa, 2007). Chlorophyll a was partitioned between the
main phytoplankton groups identiﬁed by microscopic qualitative
screening of samples from the depth of chl a maximum and based
on pigment biomarker ratios from relevant literature (Johnsen and
Sakshaug, 1993; Mackey et al., 1996; Liu et al., 1999; Llewellyn and
Gibb, 2000; Schlüter et al., 2000; Gibb et al., 2001; Latasa et al.,2004; Six et al., 2004; Zapata et al., 2004) (Tables 2, SP1, SP2 and
SP3). Since coccolithophores, and E. huxleyi in particular, were
the dominant prymnesiophyte in our study we used literature-
based pigment biomarker ratios of E. huxleyi for this group. The
pigment butanoyloxyfucoxanthin was attributed to the chryso-
phyte group s.l., i.e. chrysophytes and pelagophytes (Andersen
et al., 1996; Rodriguez et al., 2003). Because Rhizosolenia spp. were
part of the diatom community, part of [chl c3] was attributed to the
diatom group (Richardson et al., 1996). Having low taxonomic
speciﬁcity, diadinoxanthin was omitted from the CHEMTAX analy-
sis (Gibb et al., 2001).
Initial pigment ratios used for each phytoplankton group
(Table SP1) were multiplied by a random value between 0.65 and
1.35 for each CHEMTAX run to overcome the sensitivity of the rou-
tine to initial seed values. We used the mean of the ﬁve best results
from the 64 runs, having the lowest residual square means, as an
estimate of phytoplankton group abundances. Table SP2 shows
the average pigment ratios of the best results after performing
the CHEMTAX routine for the May 2008 campaign using the
20 m depth bin. Finally, areal values of chl a concentration were
calculated by trapezoidal integration of volumetric concentrations
from 0 to 80 m depth.2.3. Statistical treatment of data
Averages are reported as their arithmetic mean followed by
their standard deviation. We used Spearman rank correlations to
assess the degree and signiﬁcance of linear relationships between
two variables. To test for the difference of areal chl a concentra-
tions between campaign years a non-parametric permutational
analysis of variance (PERMANOVA) was performed using the PRI-
MER v6 and PERMANOVA + add-on software (PRIMER-E Ltd., Plym-
outh, UK) (Clarke and Gorley, 2006; Anderson et al., 2008). To test
for the difference in values of environmental variables between
campaign years and the shelf versus slope position of stations we
performed PERMANOVA’s with a fully crossed two-factor design
using type III (partial) sums of squares. The interaction term
informs about the difference in environmental variables among
campaign years. In case of signiﬁcant ‘shelf-slope  year’ interac-
tions, pair-wise tests of ‘year’ within ‘shelf-slope’ were performed
to investigate the difference between years at shelf or slope loca-
tion. Because of the restricted number of possible permutations
in ‘shelf-slope’ effect and pair-wise tests, p-values were obtained
from Monte Carlo samplings (Anderson and Robinson, 2003). A
Euclidean distance-based resemblance matrix was used and
probability values were obtained by permutation (n = 104). Nutri-
ent concentrations were log transformed to approach normal
distribution.
Unconstrained multivariate analyses of phytoplankton group
biomass were performed using principal coordinates analysis
(PCO) to investigate differences between stations and years in
terms of phytoplankton community structure and its relation to
environmental variables. Only phytoplankton samples from the
upper mixed layer and including the depth of the chl a maximum
were used (except at station 8-6 where only samples above and
including the depth of the chl a maximum were used because its
water column was mixed much deeper than the euphotic depth).
Phytoplankton group biomasses were square root transformed to
reduce the contribution of highly abundant groups in relation to
less abundant ones in the calculation of the Bray–Curtis measure.
The signiﬁcance of the relation between environmental variables
(plotted as supplementary variables) and the PCO axes of the phy-
toplankton community were tested using Spearman rank correla-
tions (PRIMER-E Ltd., Plymouth, UK). We adopted a probability
threshold of p < 0.05 for all analyses, unless stated otherwise.
Table 2
Chemotaxonomic relationships used in this study. Species in bold emphasise the
value of the associated pigment as a major taxonomic biomarker.
pigment abbreviation occurrence in
phytoplankton groups
alloxanthin allo cryptophytes
19’-butanoyloxyfucoxanthin but-fuco chrysophytes s.l.
chlorophyll a chl a total algal biomass
(including Synechococcus)
chrolophyll b chl b prasinophytes
chlorophyll c3 chl c3 prymnesiophytes,
chrysophytes s.l., diatoms
fucoxanthin fuco diatoms, prymnesiophytes,
chrysophytes s.l.
19’-hexanoyloxyfucoxanthin hex-fuco prymnesiophytes
(coccolithophores)
peridinin perid dinoﬂagellates
violaxanthin viola prasinophytes
prasinoxanthin pras prasinophytes
zeaxanthin zea Synechococcus,
prasinophytes
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3.1. General setting, thermal stratiﬁcation and nutrient levels
The stations were located along the shelf break and on the shelf
of the Celtic Sea in the La Chapelle Bank (LC), the Meriadzek Ter-
race (M) and the Goban Spur (GS) areas (Figs. 1 and 2, Table 1).
Each campaign (2006, 2007, and 2008) took place after the main
diatom spring bloom which took place in April (Fig. 3).
Sea surface temperature (SST) was on average higher in June
2006 (13.84 ± 0.76 C) than in May 2007 (13.25 ± 0.16 C) and
May 2008 (13.04 ± 0.66 C) (Table SP4 and pairwise tests:
p2007 = 0.042 and p2008 = 0.023). Overall, SST did not signiﬁcantly
differ between shelf and slope stations (Tables 1 and SP4). The
water column at most slope stations, except 6–6 and 8–4, lacked
a distinct pycnocline (or thermocline) and was signiﬁcantly less
stratiﬁed than at the shelf stations (slope LC&M: 3.28 ± 1.95 Table 3
Mean values and standard deviations (SD) of environmental variables and phytoplankton
sampling areas during 2006–2008. Sea surface temperature (SST), water column stratiﬁc
nitrate + nitrite (NOx), phosphate (PO4), dissolved silicic acid (dSi), ratio of NOx to PO4 (N:P)
a).
June 2006 May 2007
La Chapelle and Meriadzek La Chapelle and Meriadz
Slope Shelf Slope Shelf
Mean SD Mean SD mean SD Mean
SST (C) 13.85 1.07 13.94 0.68 13.34 0.07 13.22
strat. deg. (105 s2) 4.33 2.07 5.54 2.21 2.94 0.93 3.91
MLD (m) 26 13 25 7 45 13 38
ntracline (m) 4 6 30 5 13 19 18
NOx (lmol l1) 1.53 0.86 0.26 0.27 1.35 1.19 0.87
PO4 (lmol l1) 0.12 0.06 0.04 0.07 0.12 0.04 0.08
dSi (lmol l1) 1.01 0.61 0.73 0.51 0.69 0.72 0.63
N:P 12.36 1.84 6.05 5.12 10.10 6.77 12.09
dSi:N 0.70 0.21 6.36 5.39 0.45 0.14 0.57
TEP (lg X eq. l1) 1101 597 520 538 138 158 23
chl a (lg l1) 1.44 0.46 0.90 0.34 0.59 0.00 0.46
diatom 0.11 0.12 0.39 0.25 0.05 0.06 0.22
dinoﬂagellate 0.15 0.07 0.04 0.03 0.03 0.01 0.04
prymnesiophyte 0.86 0.34 0.17 0.17 0.24 0.12 0.07
chrysophyte 0.10 0.02 0.07 0.03 0.07 0.05 0.02
prasinophyte 0.14 0.09 0.15 0.07 0.05 0.02 0.03
cryptophyte 0.03 0.02 0.10 0.08 0.09 0.11 0.05
Synechococcus 0.03 0.01 0.01 0.00 0.07 0.01 0.03105 s2; shelf LC&M: 4.34 ± 1.65  105 s2; GS: 4.73 ± 0.85 
105 s2) (Tables 1, 3, SP4 and SP5). In general, there was a sharp-
ening of the thermocline at stations revisited during the second leg
(e.g. 6-1 and 6-4) (Table SP5). Stratiﬁcation degree of the water
column displayed a low but statistically signiﬁcant negative rela-
tionship with bottom depth (reﬂecting the slope versus shelf di-
vide) (Table 4). Differences in MLD were signiﬁcant between
shelf and slope stations yet inter-annual differences were not sig-
niﬁcant (Tables 1, 3 and SP4) (LC&M: 2006: 25 ± 8 m; 2007:
40 ± 6 m; 2008: 30 ± 22 m).
Nutrients in the upper mixed layer of the shelf stations were
usually depleted during the three campaigns, as indicated by the
low maximum values measured in the upper mixed layer
(NOx < 1.47 lmol l1; PO4 < 0.10 lmol l1; dSi < 1.95 lmol l1)
(Figs. 4–6 and Table 3). In contrast, most slope stations had higher
nitrate and phosphate levels (maximum values for slope stations:
NOx < 2.45 lmol l1; PO4 < 0.26 lmol l1; dSi < 1.40 lmol l1)
(Figs. 4 and 5 and Table SP4), except station 8-4 which had de-
pleted levels. Neither N:P, nor dSi:N ratios were signiﬁcantly high-
er on the slope than on the shelf (Table SP4). The depth proﬁles of
PO4, NOx, and dSi concentration were inversely related to the
temperature proﬁles (Pearson r = 0.69,0.68 and0.51, each sig-
niﬁcant at p < 0.01). As a consequence of variable vertical mixing,
the depth of the nitracline was very variable (Table 3) and esti-
mated to be between surface and 38 m in 2006, between surface
and 43 m in 2007, and between surface and 48 m in 2008. Nitra-
cline depth was negatively correlated to bottom depth (Table 4).
Finally, stations visited in 2007 were much more homogeneous
in terms of nutrient levels and stratiﬁcation degree than those vis-
ited in 2006 and 2008 (Figs. 4–6 and Table 1).
3.2. Particulate matter distribution
Particulate organic carbon (POC) and particulate nitrogen (PN)
showed higher concentrations above the pycnocline than at 80 m
depth (Table SP5). POC concentrations in the upper 80 m of the
water column varied from 1.1 to 14.7 lmol l1 in 2006, from 1.8
to 19.1 lmol l1 in 2007, and from 0.7 to 15.8 lmol l1 in 2008.
PN concentrations varied from 0.2 to 1.9 lmol l1 in 2006, fromgroup biomass (lg chl a l1) in the upper mixed layer of the stations in the different
ation degree N2 (strat. deg.), mixed layer depth (MLD), nitracline depth (nitracline),
, ratio of dSi to NOx (dSi:N), transparent exopolymer particles (TEP), chlorophyll a (chl
May 2008
ek Goban Spur La Chapelle and Meriadzek Goban Spur
Shelf Slope Shelf Shelf
SD Mean SD Mean SD Mean SD Mean SD
0.16 12.65 0.34 13.03 1.07 13.04 0.33 13.26 0.36
0.37 4.75 0.41 2.45 2.42 3.20 0.52 4.72 1.05
5 39 3 53 42 24 11 21 7
16 26 23 9 16 24 7 33 13
0.41 0.79 0.37 2.32 2.00 0.58 0.74 0.22 0.04
0.02 0.07 0.01 0.20 0.12 0.08 0.04 0.03 0.01
0.76 0.48 0.29 0.80 0.67 0.46 0.33 0.12 0.09
7.39 11.42 4.35 9.69 5.40 5.48 4.42 10.42 10.16
0.47 0.81 0.70 0.30 0.13 1.70 2.22 0.56 0.41
15 22 11 38 33 49 21 67 26
0.10 0.57 0.37 0.39 0.14 0.68 0.60 0.68 0.41
0.13 0.05 0.07 0.12 0.03 0.08 0.08 0.13 0.14
0.04 0.03 0.02 0.04 0.01 0.08 0.04 0.07 0.08
0.11 0.20 0.08 0.13 0.11 0.25 0.31 0.27 0.29
0.01 0.03 0.03 0.02 0.00 0.05 0.04 0.06 0.05
0.05 0.15 0.08 0.02 0.01 0.09 0.09 0.05 0.05
0.08 0.07 0.09 0.04 0.02 0.13 0.08 0.08 0.06
0.03 0.04 0.03 0.01 0.01 0.01 0.00 0.01 0.00
N. Van Oostende et al. / Progress in Oceanography 104 (2012) 1–16 70.1 to 3.8 lmol l1 in 2007, and from 0.2 to 3.4 lmol l1 in 2008.
POC and PN were signiﬁcantly correlated during each campaign
(2006: r = 0.87, n = 33; 2007: r = 0.75, n = 38; 2008: r = 0.91,
n = 58), with the median C:N molar ratio in the upper 80 m of
the water column above the Redﬁeld ratio (C:N = 6.6) in 2006
(7.74) and 2007 (7.17) implying particulate organic matter was
enriched in carbon (cf. Harlay et al., 2009), and below the Redﬁeld
ratio in 2008 (4.92).
In contrast to POC, PIC concentrations were not always higher at
surface. PIC concentrations varied from 0.3 to 10.6 lmol l1 in
2006, from 0.2 to 16.1 lmol l1 in 2007, and from undetectable
to 12.4 lmol l1 in 2008 (Table SP5). PIC and POC were not corre-
lated to each other within campaigns, and the median PIC:POC mo-
lar ratios in the upper 80 m of the water column were similar
between campaigns (2006: 0.44; 2007: 0.36; 2008: 0.30).
TEP concentration generally decreased with increasing depth
(upper mixed layer: 231 ± 425 lg X eq. l1; 80 m: 52 ± 62 lg X
eq. l1) (Fig. 7) (see also Harlay et al., 2009). Maximum TEP concen-
trations at each station ranged from 414 (station 6-1) to
3199 lg X eq. l1 (station 6-2) during the June 2006 campaign, from
14 (station 7-2) to 269 lg X eq. l1 (station 7-7) in 2007, and from
19 (station 8-1) to 132 lg X eq. l1 (station 8-9) in 2008. TEP con-
centrations were higher at the LC and M shelf stations during
2006 than during 2007 and 2008 (Table 3).
3.3. Phytoplankton community composition and standing stocks
Depth of chl a maxima occurred around the nitracline or at
surface in stations having a deeper mixed layer (Fig. 8 and Table
SP5). The maximum level of chl a (Fig. 9) was always situated in
the upper 40 m of the water column (0.72 ± 0.49 lg l1), with neg-
ligible chl a levels measured at 80 m depth (0.16 ± 0.19 lg l1)
(Fig. 8). Areal [chl a] showed signiﬁcant inter-annual variation
but no relationship with the location of the stations on the shelf
or the slope of the continental margin (Table SP4 and Fig. 9). Aver-
age areal [chl a] per year were signiﬁcantly higher in June 2006
(63.8 ± 26.5 mg chl am2) than in May 2007 (27.9 ± 8.4 mg chl
am2) and May 2008 (41.3 ± 21.8 mg chl am2) (pairwise tests:
p2007 = 0.044 and p2008 < 0.001) (Table SP6). The range of maximal
[chl a] and areal [chl a] per station was quite wide, especially in
2006 and 2008 (Fig. 9 and Table SP3).
During the study period, phytoplankton communities in the
study area were mostly dominated by diatoms and/or prymnesio-
phytes, which could constitute up to 72% and 89% of total phyto-
plankton biomass (chl a), respectively (Table 5, Figs. SP1 and SP2).
Prasinophytes, cryptophytes and dinoﬂagellates as co-dominants
making up at least 20% of the phytoplankton biomass (chl a) on
occasion (Fig. 9). Lightmicroscopy observations showed that diatom
communities in 2006weremainly represented by the genera Rhizo-
solenia, Bacteriastrum, Thalassiosira, Thalassionema, Chaetoceros and
Pseudo-nitzschia. Light microscopy observations showed that pry-
mnesiophytesweremainly composedof coccolithophores.Observa-
tions by SEM conﬁrmed that coccolithophores were mainly
represented by the coccolithophore Emiliania huxleyi, but other taxa
were observed as well (Syracosphaera spp. and Gephyrocapsa ocea-
nica). The genera Protoperidinium, Dinophysis, Ceratium, Gymnodini-
um and Gyrodinium were common dinoﬂagellate representatives.
Furthermore, molecular data conﬁrmed that prasinophytes were
represented by Micromonas pusilla (Van Oostende et al., unpub-
lished-a). Chrysophytes and Synechoccocus never dominated the
phytoplankton community during the study period.
3.4. Phytoplankton community and environmental variables
Principal coordinates analysis of the phytoplankton groups’ bio-
mass data (only upper mixed layer samples, including the depth ofthe chl a maximum, n = 93) captured 67% of the total variation in
the phytoplankton community along the ﬁrst two axes (Fig. 10).
The ﬁrst and second PCO axes represent a gradient from low to
high biomass of all phytoplankton groups. Diatom biomass varied
independently from the other phytoplankton groups (except for a
signiﬁcant negative correlation with Synechococcus, data not
shown) along the second PCO axis. Samples from the 2006 cam-
paign, and to a lesser degree those of the 2008 campaign, were
characterised by higher chl a values, while most 2007 samples
had low biomass values and are located in the lower left part of
the diagram (see also Figs. 8 and 9). Only TEP concentration was
positively correlated to the variation in phytoplankton groups
biomass (ﬁrst two PCO axes) while nutrient concentrations (NOx,
PO4, dSi) and the ratios of dSi:N and N:P were not (Fig. 10 and
Table 6). Note that stratiﬁcation degree of the water column, the
depth of the nitracline, MLD and bottom depth (reﬂecting the slope
versus shelf divide) were not correlated to these PCO axes, nor to
any of the phytoplankton groups (except a slightly negative corre-
lation between dinoﬂagellates and nitracline depth) (Fig. 11 and
Table 6). TEP concentration, on the other hand, was positively
correlated to [chl a] and the biomass of coccolithophores, chryso-
phytes, prasinophytes and dinoﬂagellates, and to the stratiﬁcation
degree of the water column, but not to diatom biomass (Fig. 11,
Tables 4 and 6). Diatom biomass was negatively correlated to con-
centration of NOx and the N:P ratio (Table 6).
Finally, we assessed the relationship between the occurrence of
speciﬁc phytoplankton groups and the ratios of environmental
variables by focusing on phytoplankton communities with above
median total [chl a] (n = 44, >0.66 lg chl a l1) and using the bio-
mass proportions of the phytoplankton groups in these communi-
ties. Prymnesiophytes tended to dominate the phytoplankton
assemblage during conditions of high N:P ratios and low dSi:N
ratios, while diatoms showed a tendency to dominate the phyto-
plankton assemblage during inverse conditions (Table 7).4. Discussion
We studied the dynamics of phytoplankton standing stocks and
community structure during late spring coccolithophore blooms
along the continental margin of the Celtic Sea over a period of
3 years (2006–2008). We related the spatial and temporal develop-
ment of these blooms to a suite of physical, geochemical, and bio-
logical variables in order to identify the main environmental
conditions driving the wax and wane of these blooms, and to dis-
cuss the potential importance of phytoplankton community com-
position on the carbon balance and export in this area.4.1. Environmental setting of the blooms and phytoplankton standing
stocks during late spring
Our data show that nutrients were largely depleted in the study
area during late spring concentrations and that surface chl a con-
centrations were typically lower than those reported during the
main diatom spring bloom event, as extrapolated from SeaWiFS
8-day averages (Fig. 3) prior to the campaign (e.g. for the La Chap-
elle area: SeaWiFS 8-day averaged chl a concentration 2006–2008
between 15 April and 1 May: 1.80 ± 0.54 lg chl a l1 compared to
campaign periods: 0.89 ± 0.17 lg chl a l1). The observed range in
surface chl a (0.27–2.31 lg chl a l1 at chl a maximum) is within
the ranges reported by other studies of the NE Atlantic (Gibb
et al., 2001; Leblanc et al., 2009; Painter et al., 2010a) or the Bay
of Biscay and the Celtic Sea during a similar period as our cam-
paigns (Joint et al., 1986, 2001; Rees et al., 1999; Lampert et al.,
2002). There was considerable variation in phytoplankton areal
biomass between campaigns (Figs. 9 and 10) and stations at the
Table 4
Spearman rank correlation matrix of environmental variables in samples from the upper mixed layer. Only signiﬁcant correlation coefﬁcients are shown; ‘–’ denotes non-
signiﬁcant correlations.
SST MLD strat.
deg.
nitracline
depth
bottom
depth
PO4 NOx dSi N:P dSi:N chl a TEP PIC POC PN PIC:POC
MLD –
strat. deg. 0.55 0.33
nitracline depth – 0.20 0.57
bottom depth – – 0.26 0.50
PO4 0.51 0.26 0.44 0.49 0.49
NOx 0.51 0.42 0.47 0.62 0.41 0.83
dSi – 0.26 0.28 0.46 0.39 0.31 0.40
N:P 0.26 0.39 0.30 0.59 0.22 0.35 0.77 0.29
dSi:N 0.27 – – – – 0.51 0.55 0.47 0.42
chl a – – – – – – – 0.23 – 0.21
TEP 0.48 0.33 0.39 – 0.23 0.28 0.30 – – 0.35 0.42
PIC – – – – – – – – – – – –
POC 0.34 0.26 – – – – – – – – 0.34 – 0.37 –
PN – 0.26 – – – – – – – – – – – 0.68
PIC:POC – – – – – – – – – – – – 0.96 0.55 0.30
POC:PN – – – – – 0.25 – 0.26 – 0.49 – – – – 0.57 –
Fig. 4. Vertical sections of the concentrations of dissolved inorganic nitrogen (NO2 + NO3) (NOx) versus section distance for each campaign leg (Fig. 2). The asterisk next to a
station’s number indicates it is situated on the slope of the continental margin.
8 N. Van Oostende et al. / Progress in Oceanography 104 (2012) 1–16lower end of the chl a range were generally encountered in 2007.
The ﬁrst leg of the 2007 campaign was characterised by storms
with high wind speeds; this resulted in a pronounced deepening
of the upper mixed layer (40 ± 6 m in May versus <10 m in April
(Thyssen et al., 2009)) and thus partial dilution of the plankton bio-
mass in waters which were already largely depleted of nutrients
after the April blooms. Chlorophyll a levels were also lower at
many stations during the 2008 campaigns, most probably owing
to overcast skies during the ﬁrst 2 weeks of the campaigns, which
may have slowed down bloom development (Figs. 9 and 10). The
higher phytoplankton biomass (chl a) in June 2006 compared to
the 2007 and 2008 campaigns may have been produced thanks
to partial replenishment of depleted nutrient stocks due to a mix-
ing event prior to the campaign. This mixing event is apparent
from the deepening of the MLD and a drop in SST as described
by Harlay et al. (2011) using modelled data by the UK Met Ofﬁce
National Centre for Ocean Forecasting for the North-East Atlantic.
This partial supplementation of nutrients together with theprevailing high irradiance levels and SST during the 2006 campaign
probably favoured phytoplankton growth (Figs. 3, 9 and 10,
Tables 3 and SP5).
Given the enhanced vertical mixing and associated nutrient
ﬂuxes associated with the shelf edge, an increase in areal chl a bio-
mass across the continental slope could be expected. However, we
did not ﬁnd any differences in areal chl a between the shelf and the
slope stations (cf. Sharples et al., 2009) despite a signiﬁcantly shal-
lower nitracline and signiﬁcantly higher inorganic N and P levels in
the upper mixed layer of the slope stations (Figs. 4 and 5, Tables 3
and 4). This is most probably due to complex interplay between
the dynamics of internal tidal mixing, mixed layer shoaling (higher
on the shelf than the slope, Tables 3 and SP4), and meteorological
conditions. Moreover, loss factors such as grazing (Holligan et al.,
1993; Fileman et al., 2002; Painter et al., 2010b), viral lysis
(Bratbak et al., 1996; Wilson et al., 2002) and enhanced export
through aggregation (Boyd et al., 2005; Schmidt et al., in press)
would further inﬂuence the distribution of phytoplankton biomass
Fig. 5. Vertical sections of the concentrations of dissolved inorganic phosphate ðPO34 Þ versus section distance for each campaign leg (Fig. 2). The asterisk next to a station’s
number indicates it is situated on the slope of the continental margin.
Fig. 6. Vertical sections of the concentrations of dissolved silicate (dSi) versus section distance for each campaign leg (Fig. 2). The asterisk next to a station’s number indicates
it is situated on the slope of the continental margin.
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terns and seasonal convective mixing intensity, inﬂuenced by
meteorological conditions (Follows and Dutkiewicz, 2002; Henson
et al., 2006) will also impact on horizontal heterogeneity in phyto-
plankton standing stocks.
4.2. Thermal stratiﬁcation of the water column and bloom progression
We observed pronounced spatial and temporal variation in chl a
levels during each campaign which cannot readily be explained by
linear relations with measured environmental variables (cf. Fig. 8and Table 4). Stratiﬁcation of the water column was not linearly
related to biomass of any of the phytoplankton groups either. How-
ever, this may largely be due to the fact that biomass of total phyto-
plankton and the twomost dominant groups, prymnesiophytes (i.e.
coccolithophores) and diatoms, exhibit a unimodal-like relationship
with stratiﬁcation: highest biomass values are encountered at
intermediate stratiﬁcation (±4  105 s2), although variation here
can behigh (Fig. 11). As shownby Schiebel and co-workers (Schiebel
et al., 2011) relatively higher coccolithophore cell densities can oc-
cur under both well-mixed relatively high-nutrient conditions as
well as under stratiﬁed low-nutrient conditions. Nonetheless, our
Fig. 7. Vertical sections of the concentrations of transparent exopolymer particles (TEP, log scale) versus section distance for each campaign leg (Fig. 2). The asterisk next to a
station’s number indicates it is situated on the slope of the continental margin.
Fig. 8. Vertical sections of the concentrations of chlorophyll a (chl a) versus section distance for each campaign leg (Fig. 2). The asterisk next to a station’s number indicates it
is situated on the slope of the continental margin.
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bloom development and decline at the continental margin of the
northern Bay of Biscay proposed by Harlay and co-workers (2011)
on the basis of the 2006 data. Enhanced vertical mixing along the
shelf edge (most probably as a result of internal tides) can lead to
higher inorganicnutrient levels (N, P, dSi) and lowernitraclinedepth
triggering mixed phytoplankton blooms, dominated by coccolitho-
phores and/or diatoms. As the water masses are advected over the
shelf they become more stratiﬁed and, as a result of phytoplankton
growth, nutrients are being depleted (Table 3).4.3. Phytoplankton community structure
The general scenario for phytoplankton bloom development
and species succession in the NE Atlantic (Leblanc et al., 2009
and references therein): the replacement of early spring diatom
blooms by coccolithophores, most probably occurs as a result of
changing light conditions, mixed layer shoaling, and depletion of
dSi levels (Boyd et al., 2010). Our data show that this generally
accepted diatom-to-coccolithophore succession scenario is not
universal, and that diatom and coccolithophore growth can
Fig. 9. Areal chl a concentrations (upper 80 m of the water column) partitioned by
CHEMTAX among the dominant phytoplankton groups identiﬁed for the stations
visited in (a) June 2006, (b) May 2007, and (c) May 2008. The chl a concentration at
the depth of maximum chl a concentration at each station is indicated by a cross.
Stations are ordered chronologically and asterisks denote stations located on the
slope of the continental shelf.
Table 5
Relative and absolute (chl a) abundance of phytoplankton groups as estimated by the
CHEMTAX routine at the depth of chl a maximum.
Phytoplankton group Relative abundance Biomass (lg chl a l1)
Max Mean SD Max Mean SD
Diatoms 0.89 0.29 0.27 1.08 0.30 0.31
Dinoﬂagellates 0.69 0.09 0.09 0.36 0.07 0.07
Prymnesiophytes 0.72 0.30 0.20 1.57 0.32 0.37
Chrysophytes s.l. 0.20 0.07 0.04 0.18 0.07 0.05
Prasinophytes 0.46 0.11 0.09 0.38 0.11 0.10
Cryptophytes 0.60 0.12 0.12 0.72 0.10 0.14
Synechococcus 0.32 0.03 0.05 0.16 0.03 0.05
N. Van Oostende et al. / Progress in Oceanography 104 (2012) 1–16 11alternate in the same area and during the same period despite low
dSi levels (Figs. SP1 and SP2). This is further corroborated by the
presence of surface diatom-dominated blooms at stations where
drawdown of alkalinity had occurred and PIC had accumulated
below the pycnocline, reminiscent of prior coccolithophorid
calciﬁcation (Table SP5) (Suykens et al., 2010). Furthermore, our
ﬁndings conﬁrm previous reports (Barlow et al., 1993, 2002; Gibb
et al., 2001; Joint et al., 2001; Lampert et al., 2002; Dandonneau
et al., 2006; Leblanc et al., 2009) which show that the late spring
blooms in the NE Atlantic are composed of mixed assemblages,
dominated by diatoms and coccolithophores, but also with impor-
tant contributions of prasinophytes and dinoﬂagellates.The relative importance of coccolithophores and associated taxa
versus diatoms during blooms was related to nutrient ratios (higher
N:P and low dSi:N values for coccolithophores, dinoﬂagellates and
Synechococcus, and the inverse for diatoms, Table 7). Yet, the N:P
ratio per se does not seem to determine absolute biomass develop-
ment, and hence the magnitude of the blooms (see also
Table 4). Our results are in general agreement with other studies
investigating the conditions conducive to coccolithophore bloom
development, such as a low dSi:N ratio, shallow mixed layer depth,
and increased irradiances (Brown and Yoder, 1994; Painter et al.,
2010b). A higher proportion of coccolithophore biomass was associ-
ated with higher N:P ratios, even though these ratios were not that
high (Table 3). The support for phosphate limitation (high inorganic
N:P ratios) for allowing coccolithophores to form blooms is not
unequivocal as discussed by Lessard et al. (2005), who argumented
that thiswas not a necessary condition (but comparewith e.g. Tyrrell
and Taylor (1996)).Emiliania huxleyimay bewell-adapted to grow in
lownutrient conditions, as it has been shown to have very high afﬁn-
ity for phosphate, and the ability to use organic nitrogen and phos-
phorus sources (Palenik and Henson, 1997; Riegman et al., 2000;
Benner and Passow, 2010). It is likely that conﬂicting results regard-
ing the necessary nutrient conditions may have been related to the
high physiological and genetic variability between E. huxleyi strains,
as has been shown for e.g. nitrogen use (Strom and Bright, 2009).
Our analyses further show that bloom development of cocco-
lithophores and diatoms is independent of each other. The biomass
of other, sometimes co-dominant phytoplankton groups was al-
ways signiﬁcantly associated with coccolithophore blooms, not
with diatoms. An anti-correlation between the biomass of phyto-
plankton groups would be expected when competitive exclusion
takes place in a stable environment where the level or the stoichi-
ometry of limiting resources such as nutrients favours the physio-
logically more adapted group. In a steady-state scenario, where
nutrient levels are low, coccolithophores would be favoured by
virtue of their lower half-saturation constants for nutrient uptake
and small intracellular quotas (Tozzi et al., 2004). However, dia-
toms have been shown to outcompete e.g. coccolithophores in a
situation where intermittent nutrient pulses are provided, such
as is the case at the shelf break, thanks to their higher maximum
nutrient uptake rates and storage capabilities potentially allowing
them to sustain higher growth rates for several generations (Litch-
man et al., 2007; Cermeño et al., 2011).
The occurrence of diatom blooms at low dSi concentrations is
surprising. These low levels of dSi encountered during the cam-
paigns (median concentration in upper mixed layer: 0.45 lmol l1)
were probably the result of prior consumption by diatoms and thus
did not favour further diatom growth to earlier spring bloom levels
(Egge and Aksnes, 1992). While this may have led to the competi-
tive advantage of coccolithophores and nanoplanktonic ﬂagellates,
it still does appear to allow more lightly siliciﬁed diatoms such as
Rhizosolenia spp. to grow. Furthermore, the low surface NOx levels
at many stations may have actually favoured the appearance of
diatom species which harbour diazotrophic symbionts, such as
Rhizosolenia spp. and Chaetoceros spp. (Gomez et al., 2005; Bar Zeev
et al., 2008). In that case their growth would have been limited by
low PO4 and dSi concentrations rather than NOx, or possibly the
availability of trace metals such as iron (Boyd et al., 2010), for
which coccolithophores, on the other hand, were shown to have
low requirements and high afﬁnity (Sunda and Huntsman, 1995;
Muggli and Harrison, 1996).
4.4. Implications of phytoplankton community structure for carbon
export
Phytoplankton community structure has been shown to have an
important impact on the fate of carbon in the ocean. Larger and
Fig. 10. PCO plot of phytoplankton biomass in the upper mixed layer. The size of each dot is proportional to the chl a concentration in each sample. Environmental variables
which are signiﬁcantly correlated with at least one of the PCO axes are shown in black the lower left part of the diagram; the other variables are shown in grey. The
percentage of explained variance in the species data by the PCO axes is shown beside each axis.
Table 6
Spearman rank correlation coefﬁcients between the absolute biomass of the phytoplankton groups, the ﬁrst two principal coordinates axes (Fig. 10), and environmental variables
for all samples of the upper mixed layer. Only signiﬁcant correlation coefﬁcients are shown; ‘–’ denotes non-signiﬁcant correlations.
PCO1 PCO2 SST MLD strat.
deg.
nitracline
depth
bottom
depth
PO4 NOx dSi N:P dSi:N TEP PIC POC PN PIC:POC POC:PN
PCO1 – – – – – – – – – – 0.32
PCO2 – – – – – – – – – – 0.26
Diatoms 0.64 0.73 – – – – – – 0.23 – 0.20 – – – 0.24 – – 0.24
Dinoﬂagellates 0.54 – – – – 0.21 – – – – – – 0.32 – – – – –
Prymnesiophytes 0.75 0.34 – – – – – – – – – – 0.36 – – – – –
Chrysophytes 0.58 0.59 – – – – – – – 0.25 – 0.28 0.50 – 0.27 0.24 – –
Prasinophytes 0.58 0.44 – – – – – – – 0.39 – 0.40 0.43 – – – – –
Cryptophytes 0.48 – – – – – – – – 0.28 – 0.38 – – – – – –
Synechococcus 0.41 – – – – – – 0.21 0.24 – – – – – – – – –
n Samples 93 93 93 93 93 93 93 93 93 93 93 93 93 76 76 76 76 76
Fig. 11. Scatter plots showing the relationship between the degree of water column stratiﬁcation (N2) and average chl a concentration of the total phytoplankton community,
the diatoms, and the prymnesiophytes, and the log-transformed concentration of TEP in the upper mixed-layer on the shelf and slope side of the continental margin.
12 N. Van Oostende et al. / Progress in Oceanography 104 (2012) 1–16
Table 7
Spearman rank correlations between the relative biomass values of phytoplankton
groups and ratios of dissolved nutrient concentrations and particulate material
concentrations for all samples with an above-median chl a concentration. Only
signiﬁcant correlation coefﬁcients are shown; ‘–’ denotes non-signiﬁcant correlations.
N:P dSi:N PIC:POC POC:PN
Diatoms 0.31 0.48 – 0.55
Dinoﬂagellates 0.31 0.60 – 0.57
Prymnesiophytes 0.38 0.50 – 0.40
Chrysophytes – – – –
Prasinophytes – 0.59 – 0.36
Cryptophytes – 0.34 0.39 –
Synechococcus 0.48 0.44 – –
n Samples 44 44 32 32
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enhance the vertical transport of carbon (Michaels and Silver,
1988; Guidi et al., 2009), while they are also more efﬁciently
grazed upon by larger zooplankton, such as copepods. Nanoplank-
ton cells, such as coccolithophores, are thought to be more likely
recycled in the microbial food web in the upper mixed layer and
contribute less to vertical carbon export by sinking. However, as
pointed out by Richardson and Jackson (2007), export efﬁciency
of small plankton cells is likely greater than thought and can be en-
hanced by aggregation processes which could act as trophic lifts.
Moreover, recent experiments comparing the effect of the incorpo-
ration of biogenic minerals from different sources into marine
aggregates on their decomposition and sinking velocities have
shown that ballasting by carbonate increased sinking velocities
and reduced respiration rate compared to aggregates ballasted by
opal (Iversen and Ploug, 2010). Leblanc et al. (2009) suggested sed-
imentation of diatoms in the form of aggregates based on the
correspondence between TEP and biogenic silica at depth, while
they also observed TEP associated with prymnesiophytes in the
surface layer. They concluded that the relative contribution of dia-
toms and coccolithophores to carbon export in the North East
Atlantic was still unresolved.
During our study, TEP concentrations were signiﬁcantly corre-
lated with coccolithophore and total phytoplankton biomass but
not with diatoms (Fig. 10, Tables 4 and 6). TEP levels were highest
when water column stratiﬁcation was highest and nutrients de-
pleted (Fig. 11 and Table 4). This was typically the case in June
2006 when we investigated the coccolithophorid blooms during
their transition between growth and decline (Harlay et al., 2009).
However, negative correlations between water column stratiﬁca-
tion and TEPmicro concentration – determined using microscopy –
within individual campaigns may reﬂect processes such as aggre-
gation or other loss processes (Harlay et al., 2011). Piontek et al.
(2011) found signiﬁcantly higher dissolved polysaccharide concen-
trations during the June 2006 campaign compared to May 2007,
possibly pointing to their accumulation in surface waters due to
exudation by phytoplankton and slow degradation by bacteria
when nutrients are depleted. Coccolithophores and E. huxleyi in
particular have been shown to potentially produce large amounts
of TEP (Engel et al., 2004; Harlay et al., 2009), as have diatoms in
diatom-dominated communities (Passow et al., 2001; Passow,
2002b). Moreover, the release of TEP precursors has been shown
to occur in conditions of unbalanced growth of phytoplankton,
when the cells excrete carbon rich material such as polysaccha-
rides into the surrounding water due to lack of nutrients necessary
for cell growth (Wood and Van Valen, 1990; Myklestad, 1995;
Schartau et al., 2007). Accumulation of these precursors and their
subsequent aggregation are responsible for the formation of TEP
(Zhou et al., 1998; Passow, 2002a) and the production of coccoliths
in itself may constitute a direct source of TEP (Godoi et al., 2009;
Van Oostende et al., unpublished-b).Even thoughwe observed good congruence between high reﬂec-
tance patches from remote sensing images and coccolithophore
biomass (Fig. 3) (Harlay et al., 2009; Suykens et al., 2010), the lack
of correlation between PIC and coccolithophore chl a biomass (Ta-
bles 6 and 7) emphasises the temporal and spatial (vertical) decou-
pling between the accumulation of biomass and the accumulation
of coccoliths associated with cells or shed during the calciﬁcation
phase of the bloom (Beaufort and Heussner, 1999). Interestingly,
PIC had accumulated below the pycnocline at certain stations
(6–4, 6–4b, 6–7, 6–8, 7–2b, 7–4, 7–5, 8–9, 8–10), which together
with the draw-down of total alkalinity by calciﬁcation is indicative
of prior pelagic calciﬁcation (Suykens et al., 2010). However, we
cannot exclude the contribution of lithogenic material to PIC near
the bottom of the water column where resuspension of the
sediment is possible (Daniels et al., 2012). Therefore, as reported
before (Poulton et al., 2007; Leblanc et al., 2009), PIC concentration
is probably not a good indicator of in situ coccolithophore biomass
but rather is an accumulative signal of present and prior calciﬁca-
tion activity on short temporal time scale. This temporal decoupling
is further complicated by TEP-mediated aggregation of coccoliths or
their incorporation into faecal pellets after grazing, promoting the
rapid disappearance of high reﬂectance remote sensing patches
and potentially enhancing carbon export efﬁciency due to increased
sinking velocity (De La Rocha and Passow, 2007; Harlay et al., 2009;
Iversen and Ploug, 2010).
5. Conclusions
The recurrent scenario emerging from previous studies is that
diatoms dominate the main spring bloom event, sometimes co-
occurring with prymnesiophytes or dinoﬂagellates, and tend to
be outcompeted by prymnesiophytes during later stages of the
spring bloom in the North East Atlantic (Leblanc et al., 2009). Yet
we showed that, during later blooms, diatom and coccolithophore
can co-occur and their growth can alternate in the same area and
during the same period. Alternation between diatom and cocco-
lithophorid blooms of similar magnitude following the main spring
bloom was partly driven by changes in nutrient stoichiometry (N:P
and dSi:N). Furthermore, high TEP concentrations associated with
nutrient-depleted, coccolithophore-rich water masses could facili-
tate the disappearance of the bloom and enhance the production
export through aggregation and ballasting mechanisms. Thus, phy-
toplankton community structure and composition would not only
affect the cell size distribution but also the carbon export efﬁ-
ciency. Variation in bloom magnitude during and between our
campaigns was ascribed to different conditions of temperature,
irradiance, and wind-driven mixing of the surface layer during or
preceding the campaigns. However, the high (sub-) mesoscale het-
erogeneity in phytoplankton bloom stage and composition during
each campaign was probably caused by the interplay of enhanced
vertical mixing at the slope of the continental margin and the ther-
mal stratiﬁcation of the water masses during advection away from
the continental slope. Further studies combining in situ measure-
ments of plankton species abundance and particle traps with
high-resolution remote sensing images to differentiate phyto-
plankton groups (e.g. PHYSAT, see Alvain et al. (2008)) and the
use of altimetry-derived Lagrangian diagnostics of the surface
transport (d’Ovidio et al., 2010) could greatly improve our under-
standing of phytoplankton bloom dynamics and its potential
control on the biological carbon pump in areas of important bio-
geochemical cycling such as the continental margins.
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